We propose an x-cut LiNbO 3 optical modulator using gap-embedded patch-antennas for wireless-over-fiber systems. The proposed device is composed of an array of narrow-gap-embedded patch-antennas and an optical waveguide located at the center of the gap without a buffer layer. The modulation efficiency of the proposed x-cut LiNbO 3 optical modulators was enhanced by 6 dB compared to the z-cut LiTaO 3 -based devices.
Introduction
Wireless-over-fiber technology suitably supports wireless communication systems in microwave/millimeter-wave bands by compensating for large transmission losses of metallic cables [1] . In wireless-over-fiber technology for communication systems, microwave/millimeter-wave signals are converted to lightwave signals and transferred through optical fibers with low transmission loss. Large transmission bandwidth and no induction are also advantages of the optical fibers [2] . The wireless-over-fiber systems are composed of two domains: one is a microwave/millimeterwave domain and the other is an optical domain. Therefore, conversion devices between the microwave/millimeter-wave and optical signals are required to realize the wireless-overfiber systems.
A microwave/millimeter-wave generation for downlink in wireless-over-fiber systems can be achieved by a highspeed photodiode [3] . On the contrary for uplink conversion, the microwave/millimeter-wave signals can be directly converted into lightwave signals by use of high-speed optical modulation technology [4] .
A conversion device from wireless microwave to lightwave signals can be composed of wireless microwave antennas and electrooptic (EO) modulators [5] . Wireless microwave signals can be received by the antennas. The received signals are transferred to the EO modulators by a connection line such as coaxial cables. However, microwave signal distortion and decay might occur in the coaxial cables due to high-frequency operation.
In order to reduce the microwave signal distortion and realize a simple compact device, wireless microwavelightwave signal converters using integration of wireless microwave antennas and optical modulators have been developed. Several EO modulators using antenna-coupled resonant modulation electrodes were reported [6] [7] [8] [9] [10] . They were composed of planar antennas for wireless microwave signal receiving, resonant electrodes for optical modulation, and their connection lines on an EO crystal as a substrate. The antennas, resonant electrodes, and connection lines should be tuned precisely to obtain good resonance and impedance matching conditions for effective conversion. However, the complete matching and precise tuning are difficult and the microwave distortion might be still induced through the coupling of them. We have demonstrated EO modulators using patchantennas embedded with narrow gaps on a z-cut LiTaO 3 crystal as the substrate [11] [12] [13] . The EO modulators are composed of patch-antennas only and there is no other planar structure on the substrate. They have no required precise tuning. Therefore, the optical modulation with extremely low distortion can be obtained with simple compact structures. Their basic operations were verified successfully with no external electrical power supply. However, modulation efficiency remains low due to large dielectric constant of the LiTaO 3 substrate and buffer layer structures in the devices.
In this paper, we propose a new x-cut LiNbO 3 optical modulator using gap-embedded patch-antennas for wireless microwave-lightwave signal conversion in the wireless-overfiber systems. The proposed device is fabricated on z-cut LiNbO 3 with lower dielectric constant and no buffer layer structures. The basic operations of the proposed device were demonstrated experimentally at wireless microwave frequency of 26 GHz. Their modulation efficiency was enhanced by ∼6 dB compared with the LiTaO 3 -based devices [12] .
In the following sections, the device structure, operational principle, analysis, and experiments are presented. Figure 1 shows the structure of the proposed x-cut LiNbO 3 optical modulator using gap-embedded patch-antennas. It consists of a channel optical waveguide and patch-antennas embedded with a narrow-gap onto an x-cut LiNbO 3 as the substrate. An array of the gap-embedded patch-antennas is set onto the substrate with a separation, S, which is key parameter to determine the characteristics in microwavelightwave interactions described in the next section. The length, L, of each antenna along the x-axis is set as half a wavelength of the wireless microwave signal. The width, W, of each antenna along the y-axis is set as below one wavelength of the wireless microwave signal to avoid unwanted higher-order mode effects. The narrow gap in micrometer order is set at the centre of each antenna, along the y-axis. The optical waveguide is located at the center of the gap, where the magnified cross-sectional view is shown in Figure 1(b) . The reverse side of the substrate is covered with a ground electrode.
Device Structures
When a wireless signal is irradiated to a standard patchantenna with no gap, a standing wave current is induced on the patch-antenna surface and becomes maximum at the center [14, 15] . With introducing a narrow gap at the center of the patch-antenna perpendicular to the surface current, a displacement current must be induced across the gap due to continuity of the current flow [16] . The strong electric field is also induced across the gap. When a lightwave propagates into an optical waveguide located under the gap, a lightwave is modulated by the wireless microwave signal through Pockels effects and the converted signal is obtained [17] .
The optical modulation can be enhanced using the proposed device fabricated on the x-cut LiNbO 3 substrate. A buffer layer is not required. The dielectric constant of the x-cut LiNbO 3 along z-axis is about 28 and the LiTaO 3 is about 42. Therefore, strong electric field across the gap can be obtained using the proposed x-cut LiNbO 3 optical modulator. The efficiency enhancement is obtained by the lower dielectric constant of the substrate and no buffer layer.
Operational Principle
When a wireless microwave signal at the angular frequency ω m is irradiated to the proposed device, the displacement current and strong electric field are induced across the narrow gap. The induced electric field is obtained by the time integration of the displacement currents [16] . The induced electric field can be expressed as
(
When a lightwave propagates in the optical waveguide, the microwave electric field as would be observed by the lightwave can be expressed by the following equation taking into account the transit time of the lightwave [18, 19] :
Advances in Optical Technologies where k m is the wave number of the microwave signal in vacuum (k m = ω m /c), n g is the group index of the lightwave propagating in the optical waveguide (n g = c/v g ), v g is the group velocity of the lightwave, c is the light velocity in vacuum, n 0 is the refractive index of the microwave in air (=1), and ϕ is an initial phase of the lightwave in the optical waveguide (ϕ = k m n g y ), corresponding to the phase of the microwave signal when the lightwave propagates in the optical waveguide.
For an array of gap-embedded patch-antennas as shown in Figure 2 (a), the temporal phases of the microwave signal supplied to the gap-embedded patch-antennas are changed according to their separation, S, and the wireless irradiation angle, θ. The microwave electric field observed by the lightwave at hth gap-embedded patch-antennas, E h m-opt , can be expressed by
where
h denotes the number of the gap-embedded patch-antennas and S is a separation of the patch-antennas as shown in Figure 2 . The proposed device is an optical phase modulator. The modulation index is calculated from the integration of microwave electric field as would be observed by the lightwave along the gap-embedded patch-antennas, it can be shown as
where λ is the wavelength of lightwave propagating in the optical waveguides, r 33 is the EO coefficient, n e is the extraordinary refractive index of the substrate, W are the width of the patch-antenna as the interaction length of the microwave and lightwave, N is the number of gapembedded patch-antennas in the array structure, and Γ is a factor expressing the overlapping between the induced microwave electric field and the lightwave. The overlapping factor of the microwave and optical fields in the x-or zcomponents depends on the crystal orientation and optical field polarization. The modulation index of the proposed device corresponds to the sum of the shaded areas in Figure 2 (b). Since the modulation index is also a function of wireless irradiation angle, θ, the directivity in the efficiency can be also calculated by (5).
Analysis
The details of the induced electric field across the gap in the proposed device using x-cut LiNbO 3 were analyzed. The device was designed for an operational frequency of 26 GHz.
The thickness of the LiNbO 3 substrate was set as 0.5 mm. The size of the patch-antenna embedded with a 5 μm-wide gap was set to 0.7 × 1.3 mm for 26 GHz operation. The optical waveguide was designed 5 μm. For comparison, an optical modulator with a gapembedded patch-antenna using z-cut LiTaO 3 substrate was also analyzed. The thickness of the LiTaO 3 substrate was set as 0.5 mm. The size of the patch-antenna and gap were also set as 0.7 × 1.3 mm and 5 μm, respectively. However, the corresponding operational frequency becomes slightly small as 22 GHz owing to the large dielectric constant of LiTaO 3 along the z-axis. Figures 3(a) and 3(b) show the cross-sectional views of the device configuration using x-cut LiNbO 3 and zcut LiTaO 3 substrates. For the device using x-cut LiNbO 3 substrate, there is no buffer layer and the optical waveguide is located at the centre of the gap on the surface of the substrate as shown in Figure 3(a) . For the device using z-cut LiTaO 3 substrate, there is a 0.2 μm-thick SiO 2 buffer layer and the optical waveguide is located under one side of the gap edge on the surface of the substrate as shown in Figure 3(b) . The main microwave electric field components for driving EO effect are shown by the arrows in Figures 3(a) and 3(b) , which are determined by the crystal orientation.
The microwave characteristics of the device were numerically analyzed using electromagnetic analysis software, HFSS. When a linearly polarized wireless microwave signal of E 0 Figure 4 : A photograph of a fabricated x-cut LiNbO 3 optical modulator using gap-embedded patch antennas before ground electrode fabrication. perpendicular to the gap was irradiated to the devices, the microwave electric field profiles in the cross-section are shown in Figures 3(c) and 3(d) . We can see that the strong microwave electric fields for optical modulation are obtained for device using: x-cut LiNbO 3 compared to z-cut LiTaO 3 -based device. We believe that these are due to the smaller dielectric constant and no buffer layer structure. Figure 3 (e) shows the calculated frequency dependence of the microwave electric field magnitude for optical modulation with the same patch-antennas size fabricated on different substrates, x-cut LiNbO 3 , z-cut LiNbO 3 , x-cut LiTaO 3 , and z-cut LiTaO 3 . They are indicated with colors of red, green, black, and blue, respectively. We can see that the largest electric field is induced for the x-cut LiNbO 3 device due to the smaller dielectric constant and no buffer layer structure. The peak resonant frequencies were slightly shifted owing to difference of dielectric constants in the LiNbO 3 and LiTaO 3 substrates.
The strong microwave electric field in the device using x-cut LiNbO 3 substrate can be used for optical modulation in the optical waveguide at the centre of the gap on the surface of the substrate. The modulation index can be calculated using (5) . Considering the calculated microwave electric fields as shown in Figure 3 (e), enhanced modulation index about two times can be obtained by using the xcut LiNbO 3 device compared with the z-cut LiTaO 3 device, when the overlapping factor between the electric fields of the microwave and lightwave is almost same in both devices.
Experiments
The designed device was fabricated. First, a single-mode straight optical channel waveguide for the wavelength of 1.55 μm was fabricated by using titanium-diffused methods. A 4-element array of the gap-embedded patch-antennas were fabricated using a 1 μm-thick aluminum film on the substrate by use of thermal vapor deposition, a standard photolithography, and a lift-off technique. Finally, the reverse side of the device was covered using a 1 μm-thick aluminum film as a ground electrode. The photographs of the fabricated prototype device are shown in Figure 4 .
The experimental setup for measuring basic operations of the fabricated device is shown in Figure 5 . A 1.55 μm wavelength lightwave from a Distributed-Feed-Back (DFB) laser was passed through a lightwave polarizer and coupled to the fabricated device by use of an objective lens. A 26 GHz microwave signal from a microwave signal generator was irradiated to the fabricated device using a horn antenna with irradiated power of about 0.2 W. The output light spectrum was measured and monitored using an optical spectrum analyzer.
The examples of the output light spectra measured by an optical spectrum analyzer are shown in Figure 6 , where the wireless microwave signal with frequency of 26 GHz was irradiated to the device normally (θ = 0 degree). Figures 6(a) and 6(b) show measured output light spectra for the transverse electric (TE) and transverse magnetic (TM) modes of the lightwave, respectively, when a linearlypolarized wireless microwave signal with Z-polarization was irradiated. We can see that the optical modulation is more effective for TE-mode of the lightwave due to the larger EO effects in the z-direction of the LiNbO 3 . Figure 6 (c) shows the output light spectrum when the polarization of the wireless microwave signal polarization was rotated with 90 degrees, which corresponds to Y -polarization. No optical sideband was observed for the Y -polarized wireless signal.
The measured frequency dependence of the modulation efficiency is shown by the dotted curve in Figure 7 , when the irradiation angle of the wireless microwave signal was set normal to the device (0 degree) and the lightwave was set to TE-mode. The fabricated device was an optical phase modulator; therefore, a modulation index can be adopted as a measure for modulation efficiency. The modulation index can be calculated from the spectrum intensity ratio between the first sideband and the optical carrier as long as the modulation index value is rather smaller than unity. The peak frequency of the wireless microwave-optical conversion was about 25.7 GHz, which almost coincided with the calculated frequency dependence as shown by the red curve in Figure 7 . Figure 8 shows the measured dependence of modulation efficiency by the separation between the horn antenna and the fabricated device, S d . The optical sidebands were observed with a range up to 1 m between the horn antenna and the device. In addition, the calculated far-field separation of ∼80 mm for the fabricated device was obtained. Figure 9 shows the measured irradiation angle dependence (directivity) of the fabricated device in the xy-plane. The measured directivity has good agreement with the theoretical calculation of the designed device.
The basic operations of the proposed device were demonstrated successfully. The enhanced modulation efficiency by 6 dB was obtained using the proposed x-cut LiNbO 3 optical modulators compared to the z-cut LiTaO 3 -based device as shown in Figure 10 . The modulation efficiency of the proposed device can be enhanced further using photonic technology by the use of a sharp-cut optical filter and an optical amplifier [9] .
In addition, the insertion loss of the device was measured approximately 11 dB by use of objective lenses as the lightwave coupling. They can be reduced by using optical fibers as the lightwave coupling. The insertion loss is not directly contributed to the modulation index of the device since the modulation index expresses by the spectrum intensity ratio between the first sideband and the optical carrier. However, low insertion loss is an important issue to realize low power consumption in the wireless-over-fiber system.
Conclusions
Anx-cut LiNbO 3 optical modulator using gap-embedded patch-antennas was proposed for wireless microwavelightwave signal conversion in the wireless-over-fibre systems. The proposed device is fabricated on x-cut LiNbO 3 substrate with no buffer layer structure. Modulation efficiency enhancement using the x-cut LiNbO 3 optical modulators can be obtained. The basic operations of the proposed device were demonstrated successfully. The modulation efficiency of the proposed device was enhanced by 6 dB compared to the z-cut LiTaO 3 -based device. Wireless microwave/millimetre-wave-lightwave signal conversion with extremely low microwave/millimetre-wave signal distortion can be realized by the use of the proposed devices with simple compact structures. By using many gap-embedded patch-antennas in array structure with polarization-reversed structure of the x-cut LiNbO 3 for Advances in Optical Technologies obtaining quasiphase-matching structures, the modulation efficiency can be further enhanced. 
